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ABSTRACT 
 
 
Adult neurogenesis is process that occurs post- embryonically in the brain 
of most organisms.  New neurons are born from precursors and then migrate to 
their final destinations, incorporating into existing neuronal networks.  It is not 
known, however what role normal physiological processes such as aging or 
circadian rhythm play on this process.  Here, we investigate the effects of these 
processes using as a model primary culture of neuronal cells derived from the 
zebrafish brain. We observe that cells derived from brain tissue of middle aged 
 iv 
fish (1.5 and 2 year) showed significantly more growth and differentiation than 
cells derived from young fish (1 year).  Additionally, various lighting regimes 
(constant light [LL], a 14/10 hour light- dark cycle [LD] and constant darkness 
[DD]) resulted in varying growth patterns of neuronal cells in culture.  Cells 
maintained in LD had more cells with neuronal processes, total neuronal 
processes and cell to cell connections than cells maintained in LL or DD 
suggesting that disruption of the normal circadian clock negatively affects 
neuronal proliferation and growth.  Administration of melatonin to the cells altered 
these effects.  Cells maintained in LL show significant improvement in growth 
and differentiation with the addition of melatonin when compared to LD and DD 
demonstrating the neuroprotective effects of melatonin.  Cells maintained in LD 
and DD had diminished growth with melatonin treatment when compared to their 
respective controls. 
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INTRODUCTION 
 
 
 
Adult Neurogenesis 
 
Neurogenesis is the process by which the brain is populated with neurons 
by stem and neural progenitor cells.  This process occurs in the prenatal stage of 
embryological development and it was thought that no new neurons were 
generated past this stage.  It was long believed that one is born with all of the 
neurons they will ever have and the mature, adult brain was quiescent and 
unable to produce any new neurons.  Santiago Ramon y Cajal who is considered 
the “father” of modern neuroscience, postulated that the nervous system was 
fixed and incapable of regeneration after embryological development (Ramon y 
Cajal 1913).  Since then, the idea that no new neurons were generated after birth 
became the central dogma of neuroscience (Gross 2000).  It wasn’t until the 
1960s that it was suggested that new neurons were capable of forming in the 
adult brain.  Joseph Altman believed that new neurons might arise from 
undifferentiated precursors, such as ependymal cells, and that these embryonic 
precursors would then differentiate and add to the existing population of neurons.  
In 1962, he proved this theory, and thus the existence of newly generated adult 
neurons by using tritiated thymidine to label the DNA of dividing cells within the 
cerebral cortex of rats (Altman 1962).  One year later, he further proved this point 
by demonstrating the existence of newly generated neurons in the dentate gyrus 
 2 
in the hippocampus of adult mammals (Altman 1963).  In 1969, he discovered 
that newly generated granule neurons found in the olfactory bulb migrate to their 
final destination by way of the rostral migratory stream (Altman 1969).  The 
scientific community largely ignored these results believing they lacked any 
functional significance.  It wasn’t until the late 1970s that neurogenesis was 
brought back to the forefront of scientific research as work from other 
laboratories confirmed Altman’s claim that adult neurogenesis did in fact exist.  
Experiments by Kaplan & Hinds (1977) demonstrated that newborn neurons in 
the hippocampus survived for long periods of time.  Additionally, these new 
neurons also appeared to receive synaptic inputs (Kaplan & Bell 1983) and 
extend axonal projections to their target area (Stanfield & Trice 1988).  Studies in 
songbirds by Fernando Nottebohm (2004) demonstrated that newly generated 
neurons were important in seasonal song learning providing evidence for the 
functionality of neurogenesis.   Additional studies in the 1990s by Elizabeth 
Gould in non- human primates (1999) and Gage ET. al. in humans (1998) 
demonstrated the existence of newly generated hippocampal neurons, bringing 
wider acceptance to this important field of study.  Since this time, adult 
neurogenesis has been, and remains an important area of scientific research.     
 
 It has been shown that adult neurogenesis occurs primarily in 2 main 
regions of the human brain: the subventricular zone of the lateral ventricles and 
the subgranular zone of the dentate gyrus in the hippocampus.  New neurons 
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generated in the subventricular zone will migrate to the olfactory bulb via the 
rostral migratory stream.  These new neurons will then integrate into the existing 
neuronal networks.    
 
This process of neurogenesis, while significant, is not yet fully understood.  
We know that new adult neurons are generated from neural stem cells or glial 
precursors (Gonzalez- Perez 2012), but there is still debate over which cells will 
give rise to new neurons.  We know that many new neurons are born but only a 
select few will survive.  It has been suggested that adult neurogenesis plays an 
important role in memory and learning as these new neurons migrate to the 
hippocampus and integrate into neural networks (Neves 2008) but the true 
function of adult neurogenesis remains unknown.  There are many facets of this 
phenomenon that remain unclear.  We do not yet fully understand what factors 
may affect or influence this process, nor do we know the factors that help 
facilitate the generation or survival of new neurons.  Additionally, we have little 
knowledge regarding what factors affect synapse formation of these newly 
generated neurons or how they create and integrate to form meaningful neuronal 
networks.  We also have little knowledge of the role of processes such as aging 
or the role of the internal circadian clock in the generation of new neurons.  This 
study aims to examine some of the factors that contribute to this phenomenon. 
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Models of Neurogenesis  
 
 Neurogenesis has been widely studied in several different vertebrate 
models.  Two of the earliest models used to study this process were rodents 
used by Altman in the 1960s (Altman 1962, 1963, 1969) and songbirds studied 
by Nottebohm (1994).  In both of these models, neurogenesis was observed in 
specific brain regions.  New cells are generated in temporally specialized zones 
of proliferation and these cells then migrate to various telencephalic domains 
(Grandel 2006).  Mammals have demonstrated a constitutive turnover of neurons 
but no increase in overall brain size, implying a varying neurogenic capacity.  In 
contrast with mammals, reptiles, amphibians and fish show net brain growth into 
adulthood.  The brains of teleost fish have extensive cell proliferation along the 
entire rostrocaudal axis suggesting neurogenesis in many of these areas 
(Zupanc 1995, 2005).  In zebrafish (Danio rerio), 16 different proliferative zones 
have been identified (Figure 1).  The rate of proliferation in zebrafish is at least 
one, if not two orders of magnitude higher than in the adult mammalian brain 
making it an ideal model organism in which to study neurogenesis.   
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Figure 1. Schematic of the 16 proliferation zones in the adult zebrafish brain (lateral view).  
Image from Grandel et. al., 2006 
 
 
The Circadian Clock 
 
The circadian clock is a biochemical mechanism providing oscillations with 
close to a 24- hour period.  Its major role is to regulate behaviors and 
physiological processes so that they occur at optimal times, relative to the 
environment and each other.  It has been established that all of the species 
studied have an internal circadian clock that is genetically regulated by a set of 
core clock genes and their protein products, which are responsible for 
autoregulation of gene expression (Bargiello 1984; Shearman 2000).  Clock 
genes encode transcriptional regulators or proteins that modify their function.  
These regulators are organized into 2 regulatory feedback loops that cycle with 
the approximately 24- hour period (Vallone 2005).  The current model of 
circadian clock is shown in Figure 2.   
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Figure 2.  The current model of the circadian clock in mammals.  The circadian mechanism is 
composed of 2 feedback loops.  CLOCK and BMAL (transcriptional activators) are the key 
components of the circadian clock system.  They bind as a heterodimer to a subset of E box 
enhancer elements contained within the Period (per) and Cryptochrome (cry) genes.  This is the 
core mechanism of the circadian clock.  The core loop determines the period and amplitude of 
circadian oscillations.  This CLOCK (Clk)/ BMAL heterodimer can also bind to E box elements 
associated with RORalpha, which stimulates their transcription or to REV-ERBalpha, which will 
downregulate their expression.  RORalpha binds to an RRE enhancer, which results in 
transcription of BMAL while expression of REV- ERBalpha results in downregulation of BMAL 
transcription.  This stabilizing loop fine-tunes oscillations.  Image from Vallone et al. 2005.   
 
In mammals, this circadian clock resides within the hypothalamic 
suprachiasmatic nucleus (SCN), which is acts as the central pacemaker and 
coordinates multiple peripheral clocks (Yamakazi 2000).  The SCN can be 
entrained by the light- dark cycle and to a lesser extent by temperature cycles, 
thus light and temperature, as well as other entraining factors, are referred to a 
“zeitgebers” or “time givers.”  These stimuli allow the internal clock rhythm to 
entrain to the periodic changes in the environment (Pittendrigh 1993).  This 
entrainment is accomplished with the help of photoreceptors within the retina.  
Light is perceived by retinal photoreceptors, which project to the SCN and 
effectively “set” the SCN clock (Foster 1998; Berson 2002; Hattar 2002, 2003).  
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The SCN transmits this information to peripheral clocks and indirectly to the 
pineal gland, which is responsible for making the primary circadian hormone, 
melatonin.   
 
 
The Zebrafish Clock  
 
Zebrafish have proven to be an excellent model organism in which to 
study many genetic and physiological processes, including the circadian clock.  
Zebrafish share the basic molecular elements of the circadian timing system with 
mammals, however, the zebrafish circadian system has its own specific features 
and as a whole, is more decentralized (Tamai 2012; Vallone 2005).  In mammals, 
the pineal gland has no photoreceptive function, and the SCN is indirectly 
responsible for driving production of melatonin (Arendt 1995).  In contrast, in 
zebrafish, the pineal gland with the parapineal organ constitute a more complex, 
directly photoreceptive structure, with its own powerful oscillator driving synthesis 
of melatonin (Vallone 2005; Falcon 1999).  Thus, in fish, light can directly 
modulate melatonin production by the pineal gland.  It is unclear whether the 
teleost SCN has a central pacemaker role as it does in mammals (Vallone 2005).  
Additionally, zebrafish have been shown to have light and temperature sensitive 
cell clocks in most of their tissues.  Light can be perceived not only by the eyes 
and pineal gland but recent studies have revealed the presence of independent 
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light- sensitive circadian clocks within individual cells in culture (Kaneko 2006; 
Tamai 2004, 2007, 2012; Whitmore 1998, 2000, Nagoshi 2004, Welsh 2004, 
Carr and Whitmore 2005, Liu 2007).  For example, studies in both heart and 
kidney tissue cultures have demonstrated that they contain their own 
endogenous circadian oscillators, as measured by rhythmic oscillations of 
CLOCK gene expression in culture (Whitmore 1998).  The direct light sensitivity 
of zebrafish tissues means the circadian clock can be rapidly and directly 
entrained following light exposure (Carr 2005; Tamai 2007) and cells in culture 
can respond to changes in light. 
 
 
Light and the Cell Cycle 
 
  Light plays an important role in the activation of the circadian clock 
during Zebrafish development.  Light pulse is necessary to initiate molecular 
oscillations in the zebrafish embryo (Dekens 2008; Kazimi 1999; Vatine 2009; 
Vuilleumier 2006) and further affects the timing of the cell cycle.  During 
development, the number of cells entering into S phase of the cell cycle has been 
shown to peak in the evening just before lights out (Dekens 2003).  This has led 
to the hypothesis that the timing of the daily cell cycle has developed 
evolutionarily as a mechanism to avoid DNA damage induced by sunlight during 
the critical step of DNA replication (Tamai 2012; Nikaido 2000).  Sustained light 
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acts on the zebrafish circadian clock to suppress rhythmic mitosis and cell 
proliferation by inhibiting circadian clock function (Tamai 2012). 
 
 
The Circadian Clock and Melatonin  
 
Melatonin is an endogenous hormone produce by the pineal gland and to 
a much lesser extent by the retina (Cahill 1992; Gothilf 1999).  Its production and 
release are tightly coupled with the circadian clock.  Light input of SCN neurons 
is complemented by a feedback loop involving the rhythmic release of melatonin 
from the pineal gland (Vallone 2012; Von Gall 2002; Gillette 2002).  Melatonin 
production is nocturnal and it is important in regulation of the sleep- wake cycle 
(Arendt 1995; Korf 1998).  Additionally, it is related to many functions that have a 
common rhythmic expression, such as locomotor activity, thermal preference, 
osmoregulation, migration, food intake, reproduction and growth (Piccinetti 209; 
Reiter 1991; Falcón 2007).  While well known for its role in circadian functions, 
melatonin has also been shown to confer protective effects on endothelial cells in 
cases of oxidative stress (Yang 2013), for example, in mesenchymal stem cells 
during an interleukin- beta inflammatory response (Liu 2013), and was found to 
exert antinociceptive and antiallodynic effects in studies of pain perception 
(Srinivasan 2012).  This leads one to wonder what kind of effects melatonin 
would have on neuronal cell differentiation and growth.  Considering that most 
 10 
cells produced as a result of neurogenesis will not survive, perhaps the protective 
effects of melatonin could increase neuronal cell survival through these 
mechanisms.  We address this issue in our study. 
 
 
 
The Effects of Aging  
 
It has been shown that the rate of neurogenesis slowly declines with age. 
One of the main causes of this is a reduction in the proliferative capacity of 
neuronal precursors (Kuhn 1996).  It remains unknown whether a flattening of the 
circadian rhythm with age, shown in several species, including humans, 
contributes to age- dependent changes in neurogenesis.  In zebrafish, aging is 
also characterized by a disruption of circadian functions under a normal light- 
dark cycle and especially in the absence of regular time cues as revealed by 
behavioral studies and reduction in expression of several core clock genes or 
reduced production of melatonin (Zhdanova 2007).  Although neurogenesis 
persists throughout the Zebrafish life (Grandel 2006), little is known about its 
changes with aging in this species.  We explored the rate of neurogenesis in 
primary cell culture derived from the brains of young and middle aged zebrafish 
in this study to determine if neuronal cell proliferation is changed as a result of 
aging.  We have also examined the effects of variations in light patterns and the 
effects of melatonin on the development of new neurons in the adult zebrafish 
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brain by observing neuronal proliferation and cell growth and development in 
primary neuronal cell culture.  
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METHODS 
 
 
Animals 
 
Wild type zebrafish (Danio rerio, AB wild type) were used in all 
experiments.  Fish were maintained in 3 Liter tanks of an automatic circulating 
water system (5-7 fish per tank) with water at 26.5 degrees Celsius, pH 7 and 
conductivity of 850- 950 mS/cm with a circulating water system.  The fish were 
exposed to a 14 hour light and 9 hour dark photoperiod under normal conditions.  
They were fed 3 times daily with hatched brine shrimp with an additional protein 
flake supplement during the midday feeding.  A total of 43 male and female fish 
were used and ages ranged between 6 months and 2 years.  Fish were kept in 
accordance with the requirements of the Institutional Animal Care and Use 
Committee as per Boston University School of Medicine IACUC protocol. 
 
 
Brain Dissection 
 
Fish were anesthetized by placing them in ice cold water and 
subsequently killed by decapitation.  Fish were then rinsed in a bath of 70% 
ethanol and transferred to Hibernate A solution (Gibco) to maintain neuronal cell 
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viability at ambient CO2 levels.  The brains were removed from the skull with 
sterile tweezers and transferred to a fresh dish of cold Hibernate A media.  The 
entire brain was then minced into pieces measuring less than 1mm.  
 
 
Dissociation of brain tissue 
 
Tissue pieces were digested for 40 minutes on a rocking platform using a 
modified version of the papain dissociation system (Worthington, 20 units of 
papain per ml in one millimolar L-cysteine with 0.5 millimolar EDTA + 0.1% 
DNAse in Hibernate A) or a 0.25% trypsin (Invitrogen)/ 0.1% DNAse enzymatic 
digestion.  The enzymatic digestion was stopped with 5mL of FBS.  Tissue 
samples were then triturated using a flame polished Pasteur pipet coated with 
Sigmacoat (Sigma) until they were dissociated into a single cell suspension.  The 
cell suspension was then overlaid on top of 4% BSA in PBS and centrifuged at 
2000rpm for 6 minutes at room temperature to separate whole cells from cell 
debris.  The cell pellet was resuspended in 1mL ZFin media (F- 12 media with 
9% embryo extract, 3% FBS, 1% Pen/ strep, 1% L-gluamine and 0.1% CaCl2).  
Embryo extract was made from homogenized Zebrafish embryos that were 48 
hours post fertilization.          
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Cell culture 
 
Cells were counted using a Neubauer Improved Hemocytometer with 
trypan blue exclusion.  Cells were plated in triplicate onto 24 well plates (Corning) 
that were pre- coated with extracellular matrix proteins, poly-d-lysine and laminin.  
Plates were coated 24 hours with 5mg/mL poly-d-lysine followed by 20 µg/mL 
laminin before 24 hours cell plating and washed twice with PBS.  Plates were 
allowed to dry and were stored at 4 degrees Celsius (°C ) until use.  Cells were 
counted using Neubauer Improved hemocytometer with trypan blue to exclude 
dead cells and then plated at a concentration of 1.5 x 105- 1.5 x 106 cells/mL in 
ZFin media.  Cell culture medium was partially removed and replaced with fresh 
medium every 3-4 days.  Cells were stored in an incubator maintained at 29°C 
with humid air. 
 
 
Effects of age on neuronal cell development and behavior 
 
The goal of this experiment was to determine how the age of the fish 
affects the proliferation of their neuronal cells in vitro, as well as health, vitality 
and patterns of cell growth.    A total of 15 fish that were 1 year, 1.5 years and 2 
years were collected with 5 fish in each group (a cohort of aged fish [>2 years] 
was unavailable for comparison).  Brain tissue was dissected and dissociated in 
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3 separate groups using 0.25% trypsin/ 0.1% DNAse and plated on to 3 separate 
plates with ~1.0- 1.5 x 106 cells/ mL.  Plates were kept in a humid environment at 
29 degrees Celsius with a 14/10-hour light- dark cycle and imaged using phase- 
contrast microscopy every 24 hours for 4 days. 
 
 
Effects of light variations on neuronal cell development and behavior 
 
The goal was to determine how different light patterns affect neuronal cell 
growth in culture.  A total of 9 fish were used.  Brain samples were dissected and 
divided into 3 separate groups with 3 fish per group.  Cells were dissociated 
using trypsin/ DNAse and plated at a concentration of 1.0 x 106 cells/ mL 
according to the protocol.  Cells were plated in triplicate onto 3 separate plates.  
Each plate was then maintained within the same incubator, at 29 degrees 
Celsius but in a different lighting condition.  One plate was kept in constant 
darkness (DD) using aluminum foil to block out all light.  The second plate was 
kept in constant light (LL) using a fluorescent lamp, which emitted light at 175 lux.  
The third plate was kept in light- dark conditions (LD) with 14 hours of light (also 
175 lux) and 9 hours of darkness, mimicking the normal environment 
experienced by the fish.  To simulate darkness the plate was covered with 
aluminum foil at 9:30pm (Zeitgeber Time 14, “lights off”), and the foil was 
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removed at 7:30am (ZT 0, “lights on”).  All plates were kept in the same incubator 
with humid air at 29 degrees Celsius.   
 
 
Effects of melatonin on neuronal cell development and behavior 
 
The goal of this experiment was to determine how the addition of 
melatonin to the medium of primary neuronal cell culture in the evening (ZT 14) 
can affect the health and vitality of their neuronal cells as well as patterns of their 
growth.  Nine fish were collected and divided into 3 groups (3 fish per group) as 
per each light condition: constant light, constant darkness and regular 14/10 light- 
dark cycle.  The fish were dissected and brain tissue was dissociated using 
papain/ DNAse and plated on to 3 separate 24 well plates.  Each plate had 6 
wells with ~1 x 106 cells/ mL: 3 control wells and 3 melatonin treatment wells for 
each light condition.  The plates were kept in LL, DD or LD conditions in a humid 
incubator at 29 degrees Celsius.  The cells were left untouched for the first 24 
hours and treatment was initiated on night 2.  At ZT 14 on night 2, the media in 
the treatment wells was spiked with 2uL of 1 x 10-5 M solution of melatonin 
dissolved in deionized water resulting in a final concentration of 1 x 10-7 M in the 
well.  When the lights turned on at 7:30 am (ZT 0), half the medium in all of the 
wells was removed and replaced with fresh media.  This was done 3 times to 
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effectively wash out the melatonin treatment or control solution over a 4- day 
period.   The same wash out procedure was repeated for control wells. 
 
 
Data Collection 
 
All cell counts were conducted using a Neubauer Improved 
Hemocytometer with trypan blue- based exclusion of dead cells.   
 
Phase contrast images of all cells were analyzed to determine the number 
of neuronal cells or cell aggregates with neuronal processes, the total number of 
neuronal projections originating from all neurons in each well, and the total 
number of neuronal connections between adjacent neurons/ neuronal cell 
aggregates (Figure 3).  Cells throughout the entire well were counted and 
analyzed.   
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Figure 3. Phase contrast images of neuronal cells.  (A) Example of a single neuronal cell with 
one process.  (B) A neuronal cell aggregate with 3 neuronal processes. (C) 2 neuronal cells 
forming a connection between them 
 
 
 
Statistical Analysis 
 
 
The data in this study are presented as the mean ± SEM for the cell 
cultures maintained in each condition (in triplicate) and were analyzed using a 
linear mixed model analysis of variance (SPSS software).  A p- value of <0.05 
was considered significant. 
 
 
 
 
A B C 
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RESULTS 
 
 
Cell culture- characteristics and morphology 
 
Primary cell culture was initiated using whole zebrafish brains.  The cell 
suspension was placed on 24- well plates coated with poly-d-lysine and laminin 
substrates.  These extracellular matrix proteins promote growth and development 
of neuronal cell culture.  Poly-d-lysine has been shown to enhance the outgrowth 
of neuronal processes and inhibit proliferation of non- neuronal cells in zebrafish 
cell culture (Ghosh 1997) while laminin acts to enhance cell adhesion and 
stimulate neural stem/ progenitor cell proliferation (Lathia 2007; Ma 2008; Sun 
2011).  Cells were maintained in L- 15 medium containing FBS and embryo 
extract.  Embryo extract has been shown to stimulate growth of zebrafish 
blastula- derived cells in vitro (Bradford 1994; Collodi 1990).  Cells adhered to 
the coated surface in a dense cell monolayer (Figure 4A).  Within 24 hours, cells 
began to clump together in tightly packed aggregates (Figure 4B).  Cells within 
aggregates continued to proliferate and aggregates often increased in size.  
Some however, did not change size and remained the same.  Cell aggregates 
would then begin to develop neuronal processes, which would radiate out from 
the center of the cell aggregate (Figure 4C).  More processes developed and 
elongated to form connections with neighboring cell aggregates or single neurons 
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(Figure 4 D, E).  Within a few days, secondary processes formed and complex 
networks developed between neuronal cells and cell aggregates (Figure 4F).  
Cell cultures were observed for 7-day periods as neuronal processes began to 
regress after this time in culture.   
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Figure 4.  Phase contrast images of zebrafish neuronal cell culture over 7 days.  (A) Cells just 
after plating (<24 hours).  (B) Neuronal cells begin to form cell aggregates (>24 hours).  (C) Cell 
aggregates begin to give off early neuronal processes (1-2 days).  (D) The number of neuronal 
processes increases.  (E) Processes extend between adjacent cell aggregates forming small 
neuronal networks.  (F) Secondary processes appear to come into contact as neuronal networks 
grow larger. 
 
A B 
C D 
E F 
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Effects of age on neuronal cell development and behavior 
 
Cells were cultured according to the protocol listed in Materials and 
Methods and observed for a period of 5 days.  Cultured cells were kept in a 29°C 
incubator with humid air in a 14/ 10-hour light- dark cycle (LD).  Phase contrast 
images were taken each day and images were analyzed for the number of cells 
or cell aggregates with visible neuronal processes, the total number of neuronal 
processes, and the number of connections between adjacent cells or cell 
aggregates.  The entire well was imaged excluding the outer edges, which were 
washed out upon imaging.  Differences between ages were analyzed using a 
linear mixed model analysis of variance.   
 
Middle age in zebrafish is considered to be about 1.5- 2 years as the 
standard life span is between 3.5 and 5 years (Gerhart 2002).  Neurogenesis in 
zebrafish occurs throughout the entire adult life, but increases from early to 
middle age as demonstrated in Figure 6.  At 24 hours after plating, there were no 
significant differences between age groups in any category.  However, by 48 
hours, cells from fish aged 2 years had significantly more cells with neuronal 
processes than 1 year old fish and by 96 hours cells from both 1.5 and 2 year old 
fish had more neuronal cells with processes (Figure 5A).  Similarly, cells from fish 
aged 1.5 and 2 years showed more neuronal processes at 48, 72, and 96 hours 
after plating than 1 year old fish, and more cell to cell connections at 72 and 96 
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hours (Figure 5B- C).  Cell cultures developed from brain tissue of 1.5 year old 
fish showed no significant differences in numbers of cells and neuronal 
processes to those from 2 year old fish at most of the time points documented 
(Figure 5A, B).  
 
 24 
 
Figure 5.  Comparison of zebrafish neuronal cell culture from fish at various ages: 1 year 
(considered “young”) and 1.5 years and 2 years of age (considered “middle aged”). (A) The 
number of neuronal cells or cell aggregates that have neuronal processes. (B) The total number 
of neuronal processes originating from neurons.  (C) The total number of connections between 
adjacent neurons.  Values represent the mean of the triplicate wells plated with standard error 
bars.  Differences between groups at each time point that were found to be significant are shown 
(*p<0.05). 
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Effects of light variations on neuronal cell development and behavior 
 
Cells were cultured according to the protocol listed in Materials and 
Methods and observed for a period of 5 days.  Cultured cells were kept in a 29°C 
incubator with humid air.  Cells were maintained in conditions of continuous light 
(LL), continuous darkness (DD) or a 14/ 10-hour light- dark cycle (LD).  Phase 
contrast images were taken each day and images were analyzed for the number 
of cells or cell aggregates with visible neuronal processes, the total number of 
neuronal processes, and the number of connections between adjacent cells or 
cell aggregates.  The entire well was imaged excluding the outer edges, which 
were washed out upon imaging.  Results were analyzed using a linear mixed 
model analysis of variance.    
 
The data collected show that overall, cells kept in LD conditions had 
significantly more cells with neuronal processes, more total neuronal processes 
and more cell to cell connections than cells maintained in LL or DD (Figure 6A-
C).  Cells maintained in LD proliferated faster and had significantly more cells/ 
cell aggregates with neuronal processes (at 48, 72 and 96 hours after plating), 
more total neuronal processes (48 hours) and cell connections (48 and 72 hours) 
than cells in LL or DD (Figure 5A, C).  We also observed that cells in LD 
conditions developed neuronal processes and formed connections with other 
cells earlier than LL and DD (Figure 5B, C).  However, cells in DD appear to have 
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caught up with the cell to cell connections in LD by 96 hours after cell plating 
(Figure 5C).  Though not significant at all time points, cells in LL showed less 
proliferation, less growth of neuronal processes and significantly smaller 
neuronal networks than DD throughout the entire experimental period (Figure 5 
A- C). 
 
Cells maintained in all in LL and DD showed significant differences 
between total number of cells with neuronal processes, total number of neuronal 
processes and cell to cell connections at each time point of data collection.  Cells 
maintained in LD conditions had significantly more cells, total neuronal processes 
and cell to cell connections from 24 to 48 hours, but no significant differences 
were observed between 48, 72 or 96 hours.   
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Figure 6.  Comparison of zebrafish neuronal cell culture in various light treatments: constant 
light (LL), constant darkness (DD), and a 14/10-hour light- dark cycle. (A) The number of 
neuronal cells or cell aggregates that have neuronal processes. (B) The total number of 
neuronal processes originating from neurons.  (C) The total number of connections between 
adjacent neurons.  Values represent the mean of the triplicate wells plated with standard 
error bars.  Differences between groups at each time point that were found to be significant 
are shown (*p<0.05) 
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Effects of melatonin on neuronal cell development and behavior 
 
Primary neuronal cell cultures were treated with 1 x 10-7 M melatonin 
dissolved in deionized water by spiking the medium in each treatment well with 
2uL of 1 x 10-5 M melatonin solution resulting in a final concentration of 1 x 10-7 M 
melatonin in each well; control wells were given nothing.  This was done at the 
time of lights out (ZT 14) for all of the cells, i.e. in LL, LD and DD conditions.  The 
melatonin treatment was washed out the following morning at ZT 0 i.e. the time 
when lights were turned on.  This process was repeated daily for 4 days.  Results 
comparing melatonin treatments to their controls as well as to one another in 
different lighting conditions were analyzed using a linear mixed model analysis of 
variance.  
 
We observe the most robust effects when comparing melatonin treated cells 
with control cells within the same light conditions.  There is a marked difference 
in growth and development in all lighting conditions after melatonin treatment.  At 
24 hours, before cells have received any melatonin treatment, we observe no 
significant difference between lighting conditions.  By 48 hours in LL, melatonin 
treatment caused a significant increase in all 3 parameters measured, the total 
number of neuronal processes from all cells and total number of connections 
between adjacent cells, when compared to LL-control wells (Figure 7A- C). At 48- 
h, melatonin-treated cell culture in LL resembled the 96-h control culture in LL. 
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However, these values for melatonin-treated wells then remained similar 
between 48- and 96-h cultures in LL, in contrast to control cultures that 
developed over this period (Figure 7A-C).  Consequently, no significant 
difference was found between melatonin-treated and control cultures at 96-h in 
LL for the number of cells with neuronal projections or number of neuronal 
projections (Fig. 7A, B).  Nevertheless, the number of connections between cells 
remained significantly higher in melatonin-treated cells in LL throughout 3 days of 
treatment (Fig. 7C).  
 
Under LD conditions, melatonin treated cultures developed similar to the 
corresponding control by 48- h (Figure 8A-C).  Thereafter, however, treated 
cultures showed dramatic reduction in the number of cells with projections (by 
72- h and 96- h) and in the number of projections and connections by 96- h, 
when compared to 48- h in the same treated cultures and relative to the 
corresponding LD control (Figure 8A-C).  
 
Cells in DD conditions behaved somewhat similar to those in LD.  The 
control DD cells showed gradual increases in number of cells with neuronal 
processes, total number of processes and number of connections between 
adjacent cells over the course of the experiment.  In contrast, melatonin treated 
cells in DD, by 48- h, showed a significant increase in the number of cells with 
neuronal processes, when compared to corresponding control, followed by a 
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gradual decline in all 3 analysis criteria thereafter (Figure 9A-C).  At 96 hours, 
cells treated with melatonin in DD had significantly fewer neurons with 
processes, total neuronal processes and connections between neurons than the 
control cells.  Overall, this experiment suggested that while melatonin treatment 
used in this study can have a protective effect on cells maintained in LL, it has an 
overall detrimental effect on neuronal cells cultured in either LD or DD conditions.         
 
We then compared an absolute number of cells with processes, number of 
processes and connections between the cell cultures treated with melatonin 
under different conditions of environmental illumination. The effects of melatonin 
treatment described above led to major changes in relative development of these 
cell cultures, when compared to the patterns observed in control cell cultures 
(Figure 10A-C). Specifically, cell cultures maintained in LD had the most cells 
with neuronal processes, total number of neuronal processes present in the well 
and cell to cell connections at 48 hours, when compared to both LL and DD 
conditions.  However, since all three parameters steadily decreased thereafter in 
cells treated in LD but increased in LL, by 96- h LD culture had significantly less 
such cells, processes and connections when compared to LL.  A similar decline 
in culture development following melatonin treatment in DD led to these absolute 
parameters being significantly lower, when compared to LL, by 72h and 96h 
(Figure 10A-C).  As a result, by 96 hours, cells treated with melatonin in LL 
conditions had a significantly higher number of cells with neuronal processes, 
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total number of neuronal processes, and cell connections as compared to cells 
treated in LD or DD.   
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Figure 7.  Cells treated with 1 x 10-7 M of melatonin as compared with control wells (no 
treatment) in constant light (LL).  (A) Number of cells/ cell aggregates with neuronal processes. 
(B) Number of neuronal processes.  (C) Number of connections between adjacent cells.  Values 
represent the mean of the triplicate wells plated with standard error bars.  Differences between 
treatment and control groups that were found to be significant are shown (*p< 0.05). 
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Figure 8.  Cells treated with 1 x 10-7 M of melatonin as compared with control wells (no 
treatment) in a 14/10- hour light- dark cycle (LD).  (A) Number of cells/ cell aggregates with 
neuronal processes. (B) Number of neuronal processes.  (C) Number of connections between 
adjacent cells.  Values represent the mean of the triplicate wells plated with standard error bars.  
Differences between treatment and control groups that were found to be significant are shown 
(*p< 0.05). 
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Figure 9.  Cells treated with 1 x 10-7 M of melatonin as compared with control wells (no 
treatment) in constant darkness (DD).  (A) Number of cells/ cell aggregates with neuronal 
processes. (B) Number of neuronal processes.  (C) Number of connections between adjacent 
cells.  Values represent the mean of the triplicate wells plated with standard error bars.  
Differences between treatment and control groups that were found to be significant are shown 
(*p< 0.05). 
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Figure 10.  Comparison of zebrafish neuronal cell culture with melatonin treatment at ZT 14 in 
various light conditions: constant light (LL), constant darkness (DD), and a 14/10-hour light- dark 
cycle. (A) The number of neuronal cells or cell aggregates that have neuronal processes. (B) The 
total number of neuronal processes originating from neurons.  (C) The total number of connections 
between adjacent neurons.  Values represent the means of the triplicate wells maintained in each 
light condition with standard error bars.  Differences between groups at each time point that were 
found to be significant are shown (*p<0.05) 
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DISCUSSION 
 
 
Cell Culture 
 
While significant effort has gone into studying the zebrafish circadian 
clock, few studies have been done with cell culture.  Most cell culture studies 
have used the PAC- 2 cell line derived from zebrafish fibroblasts.  There have 
been few studies published on primary neuronal culture in zebrafish.  Thus, much 
of the effort of this project was devoted to developing and optimizing an effective 
protocol to culture cells from the brains of adult zebrafish.  We created an 
environment to induce neuronal precursors to differentiate into neurons and 
astrocytes in vitro.  Embryo extract enhanced the culture environment providing 
necessary nutrients, as per earlier studies showing stimulated growth of cells 
derived from zebrafish embryos in vitro (Bradford 1994; Collodi 1990).  The use 
of extracellular matrix proteins allowed for effective adhesion of cells to the plate 
as documented using phase contrast imaging.  Poly-d-lysine has been shown to 
be important to the survival of neuronal cultures (Ghosh 1996; Yavin 1974) and 
laminin stimulates neural stem/ progenitor cell proliferation (Lathia 2007; Ma 
2008; Sun 2011).  Overall, the primary cell culture protocol developed as part of 
this investigation allows for effectively studying adult neurogenesis in zebrafish in 
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vitro for up to 7 days. This provided sufficient time to determine some of the 
factors that can affect adult neurogenesis in zebrafish. 
 
 
Age  
 
 We documented a significant increase in neuronal proliferation and 
differentiation in cells derived from middle-aged fish when compared to young 
fish.  These results are very preliminary, and this topic warrants further 
experimentation to draw any firm conclusions.  However, we hypothesize that 
increased damage of neurons with aging might stimulate new neuron production 
by the time fish reach middle age. Further studies would involve studying older 
fish, up to 5 years of age.   
 
 
Light  
 
Light has a potent repressive action on clock function in zebrafish cells 
and can disrupt the circadian oscillator (Tamai 2007).  Sustained light exposure 
not only suppresses clock function, but as a consequence, also eliminates the 
daily rhythm of mitosis and represses the expression of Cyclin B1, as well as 
other key mitotic regulators, and consequently slows cell proliferation in PAC- 2 
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cells derived from zebrafish embryos (Tamai 2012).   Our results are consistent 
with these findings.  We demonstrate that cells in constant light (LL) have 
reduced neuronal proliferation and differentiation when compared to cells grown 
in a light- dark cycle.  Cells maintained in constant light have fewer cells with 
neuronal projections, fewer projections overall and fewer connections between 
cells than cells maintained in LD.  Cells maintained in constant light also had less 
extensive neuronal networks, presumably as a result of the circadian disruption. 
Cells in constant darkness (DD) showed more active differentiation and process 
extension when compared to cells in LL but less than those cells maintained in 
LD.  This is an interesting finding that would require further investigation, 
suggesting the presence of intrinsic rhythm in DD can benefit from the 
entrainment by LD cycle in order to maintain coordinated cell proliferation and 
differentiation in the adult brain. 
 
 
Melatonin 
 
Melatonin treatment of the primary neuronal cell culture showed significant 
effects on neuronal cell proliferation and differentiation.  However, the effect 
differed depending on the lighting conditions in which the cells were maintained. 
Cells maintained in LL that demonstrated a disrupted growth under normal 
conditions showed improved growth of cells with neuronal processes, total 
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neuronal processes and cell to cell connections following melatonin treatment.  
This might be a result of melatonin providing a needed time cue that could 
synchronize the cells under adverse LL conditions.  However, in conditions of LD 
and DD, melatonin had the opposite effect.  Cell cultures maintained in LD and 
DD showed diminished growth in the number of cells, total number of neuronal 
processes and the number of connections between cells when compared to their 
controls.  This result is somewhat unexpected, considering earlier reports of 
neuroprotective effects of melatonin on mammalian neuroblastoma cell lines and 
crustacean x- organ cell lines maintained inconstant darkness (Cary 2012).  
Potentially, presence of endogenous melatonin in our cell culture in both LD and 
DD conditions could have resulted in the interference of excess melatonin with 
normal circadian and cell cycle processes. In contrast, in LL endogenous 
melatonin production would be suppressed by light. This issue requires further 
investigation. 
   
 
Limitations 
 
A potential limitation to this experimental design was the characterization 
of neurons. Neurons and astrocytes were identified in this study by morphological 
features only.  Previous studies in other teleost species have used 
immunohistochemical methods by which to identify neurons in vitro and in vivo 
using BrdU as a marker of mitosis, along with GFAP as an identifier of astrocytes 
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and HuC/D, which labels neurons (Hinsch and Zupanc 2006).  It would be useful 
to attempt to use this method to stain primary zebrafish cells in culture to 
characterize them accurately and definitively.  Additionally, accurate 
characterization of true synapses using biomarkers to identify pre- and post- 
synaptic elements would strengthen this study.  Previous studies have created 
monoclonal antibodies specific to glycoprotein macromolecules located on the 
surface of developing neuronal axons in leeches (McKay 1983).  Other studies 
have also used electrophysiological methods to measure excitatory post- 
synaptic potentials after administration of voltage on pre-synaptic neurons to 
characterize synaptic connections between neurons in rats (Gentet 2004).      
 
 
Conclusions 
 
 
While preliminary, these in vitro results suggest interesting effects of 
several factors that might affect adult neurogenesis in vivo.  We see significant 
increases in the number of neurons giving off neuronal processes, the total 
number of processes and cell to cell connection in cells derived from middle aged 
fish (1.5- 2 years) when compared to young fish (1 year) demonstrating that rates 
of neurogenesis in adult fish might increase from young to middle age.  
Considering that Zebrafish live for 5-7 years, a comparison of aged fish would be 
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of major interest to determine the trends in rates of neurogenesis past middle 
age. 
  
 The results of our studies also suggest that neuronal cells in zebrafish are 
highly sensitive to the conditions of environmental illumination. Regular LD 
conditions are more favorable to the cell culture development, neuronal 
differentiation and establishment of cell to cell contacts. In contrast, both constant 
conditions, whether LL or DD, interfere with cell culture development and this is 
especially significant for LL conditions. The latter could have been expected, 
since constant light is known to interfere with the intrinsic circadian rhythms and 
thus could potentially affect the cell cycle (Tamai 2012; Vallone 2012). 
Detrimental effects of DD, though less expected, might stem from the cells in 
culture failing to maintain their intrinsic synchronized circadian rhythms in the 
absence of environmental time cues (i.e. LD cycle).  Further experiments will 
have to address the levels of expression of clock genes under these different 
conditions of environmental illumination to determine the mechanisms involved.  
  
 Melatonin is the principal hormone of the circadian system in vertebrates 
and its periodic administration could be expected to promote circadian 
rhythmicity and thus, potentially, improve the conditions of cell culture maintained 
without environmental time cues (i.e. in DD or LL).  Our results, however, reveal 
a more complex treatment effect. Cells maintained in constant light showed 
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improved growth with the addition of melatonin while cells maintained in constant 
darkness or in light- dark cycle showed diminished growth with the addition of 
melatonin, when compared to their respective controls or treated cells in different 
light conditions.  Since we did not measure melatonin levels in the medium or 
cells following daily washout of melatonin, we cannot exclude that melatonin 
levels might have been increased throughout the experimental period. Such lack 
of significant daily variation in melatonin would blunt the circadian rhythms in cell 
cultures maintained in LD or DD. Positive effect of melatonin treatment in LL is of 
special interest and requires further investigation of the mechanisms involved. 
   
 
Future Studies 
 
This study laid the ground- work for using zebrafish neuronal cell culture in 
our lab but there is much more to be studied.  Future experiments should 
incorporate immunofluorescent labeling of cells using Bromodeoxyduridine 
(BrdU) as a marker for mitotically active cells as well as GFAP as a marker for 
astrocytes and HuC/D as marker for neurons.  These immunochemical 
approaches, in addition to the morphological used in this study, would provide 
more data on the specifics of cell division and differentiation in the primary 
neuronal cell culture in zebrafish model.  Additionally, pre- and post- synaptic 
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markers should be used to definitively label cell to cell connections as true 
neuronal synapses. 
 
 Further experimentation on the effects of age on neuronal proliferation and 
differentiation in culture is warranted.  It would important to determine the effects 
of aging on neuronal development in zebrafish by comparing primary cell cultures 
derived from 1, 2, and 5 year old zebrafish. 
  
Further studies on the effects of melatonin on neuronal development and 
their interaction with the conditions of environmental illumination are warranted, 
especially in view of melatonin self-medication in humans. 
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